Magneto-optic ͑MO͒ studies are performed on regular arrays of Fe͑100͒ micrometric squares, where the elements are patterned with different sizes ͑2.5-10 m͒ and separations ͑0.2-0.6 m͒. When a laser beam is focused inside the patterned structure a Bragg diffraction pattern is produced allowing MO studies on both reflected and diffracted spots. The magnetic anisotropy has been analyzed by in-plane MO hysteresis loops finding that, for square sizes below 2.5 m, it is not consistent with the Fe crystalline cubic anisotropy, presenting a uniaxial-like behavior. The magnitude of the corresponding anisotropy constants has been determined by analyzing the array response ͑on reflected and diffracted spots͒ to a rotational magnetic field in a magneto-optical torque setup. For square sizes of 10 m the anisotropy induced by patterning is negligible whereas for the small squares ͑2.5 m͒ the uniaxial magnetic constant has been found to be roughly 0.2 times the Fe cubic anisotropy constant.
I. INTRODUCTION
The fast development of lithography techniques during the last few years makes it possible to produce periodic arrays of magnetic elements with submicrometric dimensions. 1 These techniques provide full control over the size, period, and symmetry of the microstructures. The potential technological interest extends from data storage devices to integrated magnetoelectronic devices. 2, 3 On the other hand, these patterned arrays are of great relevance from the basic point of view since fundamental properties of mesoscopic magnetism can be probed. As an example, the correlation of magnetic properties of patterned structures with the size and shape of a single element, as well as with the array spacing, is a central issue that is still not fully understood. In particular, the characteristics of the magnetic anisotropy can be controlled and modified at these small scales by changing the geometry and size of the structures. This is a problem of fundamental interest, as magnetic anisotropy is the basis of the magnetization reversal processes that take place in the material.
In this work we have studied the magnetic anisotropy of arrays of single crystalline Fe͑001͒ squares separated by submicrometric distances. A systematic investigation of the magneto-optical ͑MO͒ properties has been performed by a combination of conventional MO Kerr effect ͑MOKE͒ measurements and MO torque ͑MOT͒ experiments. 4 In a first step, the measurements of the MOKE hysteresis loops as a function of sample orientation have been used to determine the distribution of magnetic easy axes as a function of the square size and separation. Then, the MOT technique has been applied to determine the corresponding anisotropy constants of the patterned structures. By measuring both the reflected ͑specular measurements͒ and diffracted ͑nonspecular measurements͒ spots generated under laser illumination, MOT has also allowed us to get information about the magnetization distribution state within a single element; this information is usually obtained by magnetic force microscopy ͑MFM͒ 5 and by Bitter decoration experiments. 6 In our case we have determined the minimum magnetic field value which ensures a homogeneous magnetization for every direction in a rotating magnetic field configuration.
II. EXPERIMENT
The arrays of magnetic elements were fabricated by patterning single crystal iron films. The deposition of the continuous 200 Å thick Fe film was performed on GaAs substrates with a MgO ͑001͒ buffer layer in a triode sputtering system with a base pressure in the low 10 Ϫ9 mbar range. The crystallinity and interfaces of the films are excellent with well-defined peaks in the reflection high-energy electron difa͒ Electronic mail: jlvicent@fis.ucm.es fraction and high/low angle x-ray diffraction patterns. 7 To protect them from oxidation, the Fe films are covered in situ with a sputtered layer of Pt with a typical thickness of 70 Å.
The patterning of the continuous film was carried out by conventional electron-beam lithography as described elsewhere. 8 Briefly, the as-deposited film is covered by a thin poly-methylmethacrylate ͑PMMA͒ film, which is subsequently irradiated in a scanning electron microscope and developed. This PMMA layer is used as a mask during an ion beam etching procedure using Ar ions. Typically, we introduced about 25% overetching in order to ensure that the continuous film was effectively separated. The total patterned area is 500ϫ500 m 2 , and the lithographed array of Fe squares present periods ͑L, defined as the distance between neighbor square centers͒ of 2.5, 5, and 10 m and square-square separations ͑s, defined as the distance between neighbor edges͒ of 0.2 and 0.6 m. All the tilings studied in the present work have the square edges parallel to the Fe ͓110͔ directions, i.e., directions that are magnetically hard. Atomic force microscopy ͑AFM͒ characterization of the fabricated structures is carried out in a commercial Park Scientific unit.
The magnetic anisotropy of the samples has been analyzed by a combination of MOT and MOKE experiments. 4, 9 The optical setup was the same for both techniques. The laser ͑He-Ne͒ beam is focused on the sample producing a spot size of about 250 m diameter. The reflected/diffracted p-polarized light is focused inside a Si photodiode. The signal from the photodiode is compensated from the dc offset and amplified. For MOKE experiments the sample is placed inside a Helmholtz coil providing a maximum field of ϳ400 Oe perpendicular to the incidence plane.
For the MOT measurement the coil is substituted by a magnet mounted on a rotational stage driven by an electrical motor. The rotation frequency can be changed between 10 and 40 Hz. The magnitude of the applied magnetic field at the sample position is controlled by adjusting the distance between the sample and rotating magnet. This control over the applied magnetic field magnitude is necessary since one of the requirements to be satisfied by the MOT data analysis is that the magnitude of the applied magnetic field should be high enough to induce a uniform magnetization in each element in every direction. 4 The reflectivity signal is periodic, with a period that coincides with the inverse of the rotating magnet frequency. The angle of the rotating applied field with respect to the plane of incidence and the applied magnetic field magnitude is measured with a Hall probe. This technique has emerged as a powerful and versatile tool to quantify magnetic anisotropies in unpatterned and patterned films, and it has been successfully applied to determine the anisotropy constants of submicrometric stripe shaped Fe͑001͒ elements. 4 As was mentioned before, MO measurements have been performed on both diffracted and reflected beams. In the following we classify the diffracted spots in two groups: those that lie in the plane defined by the incident and refracted laser beams are labeled as ''horizontal orders.'' On the other hand those that align perpendicular to this plane are referred to as ''vertical orders.'' In order to clarify this nomenclature Fig. 1 shows a sketch of the spatial distribution of diffracted beams with respect to sample orientation and pump laser beam. In this figure n h and n v denote horizontal and vertical orders, respectively. It should be noted that the magnetic field arrangement displayed in Fig. 1 corresponds to that used in MOKE experiments. When MOT measurements are to be performed this magnetic field geometry is substituted by a rotating magnet so that the applied magnetic field is always parallel to the sample surface.
III. RESULTS AND DISCUSSION

A. Determination of magnetic axes distribution
In order to investigate the magnetic anisotropies induced by patterning we have measured in-plane hysteresis loops for different sample orientations. The sample was rotated so that the angle between applied magnetic field and square diagonal was varied from 0°up to 360°. These measurements were performed on both Fe continuous film and also on the square patterned arrays. The angular dependence of the reduced remanence M r /M s ͑M s being the saturation magnetization and M r the magnetization at remanence͒ obtained for the Fe continuous film ͑not shown͒ has a well-defined cubic biaxial anisotropy as expected. to the square diagonal so that the net anisotropy is a combination of two cubic anisotropies aligned ͑Fe and shape anisotropies͒.
͑2͒ For the 2.5ϫ2.5 m 2 cases a clear uniaxial anisotropy is found superimposed on the Fe cubic anisotropy. The hard axis of this new uniaxial symmetry lies close to the ͓110͔ crystalline direction ͑0°in Fig. 2͒ . For both square separations the presence of magnetic domains is clearly observable at remanence (M r /M s Ͻ0.7). These magnetic domains are more evident for sϭ0.6 m as a result of the reduction in the square-square magnetic interaction. Figure 3 shows the MOKE hysteresis loops, i.e., the magnetization component parallel to the applied field, when it is applied along a hard magnetic axis ͑parallel to microsquare edge͒. The data displayed have been obtained for the Lϭ10 m array, with an interelement separation of s ϭ0.6 m. The magnetic loops obtained for the reflected spot (nϭ0) show the expected shape that corresponds to an abrupt magnetization reversal. 10 When the transverse MOKE loops are recorded on the first (nϭ1), second (nϭ2), third (nϭ3), and fourth (nϭ4) horizontal diffracted spots ͓col-umn ͑a͒ in Fig. 3͔ it is clearly observable that they are quite different from each other and also different from the one observed when the loop is recorded on the reflected spot. In principle, different shaped diffraction loops could be expected when changing the order ͑n͒ of the diffracted spot due to interference effects while magnetization reversal takes place. 11, 12 It has been proposed previously that these distortions in the horizontal/vertical diffracted signals could be related to the horizontal/vertical n Fourier component of the measured projection of the magnetization in each square. 13 As a matter of fact, when the MOKE loops corresponding to the vertical diffracted spots are recorded ͓column ͑b͒ in Fig.  3͔ the differences with respect to the reflected one are less marked in comparison to the differences observed in the horizontal case. This can be explained by taking into account that magnetization inhomogeneities along the applied field direction are expected to be weaker than those produced in the direction perpendicular to the magnetic field.
B. MOKE measurements in reflected and diffracted spots
In addition, as the Bragg order increases, the differences between the MO signal from diffracted and reflected spots decrease, indicating that the contributions to magnetization of high order Fourier components (nϾ4) are negligible in comparison to that produced by low order components. Figure 3 indicates that MO measurements on the diffracted spots can be used to estimate the homogeneity of the magnetization in each Fe square. In the next section, a combination of specular and nonspecular MOT experiments will be used to determine the magnetic anisotropy constant of the different Fe squares.
C. Determination of magnetic anisotropy constants
Once the magnetic axes distribution has been determined, the MOT technique has been used to determine the magnetic anisotropy constants and to investigate their evolution with the change of L and s.
The loops shown in Fig. 3 are clear evidence of the existence of a nonhomogeneous magnetization distribution during magnetization reversal within the microsquares. [11] [12] [13] This inhomogeneous distribution is field dependent, since for high enough magnetic fields no magnetization inhomogeneities are expected. As mentioned before, MOT experiments ͑which provide the magnitude of magnetic anisotropy constants͒ require a field intensity that guarantees a single domain state during the rotation process. 4 Nevertheless, MOKE experiments on diffracted spots discussed in Sec. III B do not determine the minimum applied magnetic field that ensures the single domain state in a rotating field configuration.
In MOT experiments, the angle ␣ between applied magnetic field and Fe easy axis is continuously changed ͑see Fig.  4͒ , so that the magnetization component perpendicular to input beam polarization ͓ M y ϭM sin()͔ also changes. In MOT experiments this component is measured as a function of the applied magnetic field angle. Figure 5 shows the angular dependence of the intensity of the reflected ͑dotted lines͒ and first order horizontally diffracted spots ͑solid lines͒ for a Lϭ10 m array with s ϭ0.2 and sϭ0.6 m ͓columns ͑a͒ and ͑b͒, respectively͔ and for different applied magnetic field magnitudes. In all the cases zero angle corresponds to the situation where the applied magnetic field is parallel to the Fe hard axis ͑see Fig. 4͒ so that the MO signal is maximum. Note the differences between reflected (nϭ0) and diffracted (nϭ1) responses. For low magnetic fields (Hϭ0.8 kOe) and for 90°, 270°, ... angles there is a sudden increase in the diffracted intensity which is in contrast with the monotonic behavior observed in the reflected signal. The height of these peaks depends on the magnitude of the applied magnetic field. As the magnetic field increases the diffracted intensity angular dependence resembles more the reflected, or zero order, one. This similarity between specular and nonspecular MO signals indicates that an homogeneous magnetic state has been reached. This has been observed for applied magnetic fields of the order of 2 kOe. The curves obtained for HϾ2 kOe do not present remarkable differences to those shown in Fig. 5 for the Hϭ2.1 kOe case. Similar experiments have been performed on the Lϭ2.5 and 5 m arrays. In all the cases we have concluded that uniform magnetic state during the whole rotation process is achieved for magnetic fields of the order of 2 kOe. When the rotating magnetic field H is applied in the plane of the film and its magnitude is high enough to guarantee a single domain state in every direction, the dependence of the reflectivity on the direction of the applied magnetic field ͑␣͒ can be expressed as. 4 R͑␣ ͒ϭR 0 ϩA cos͑ ͒ϩB cos 2 ͑ ͒, ͑1͒
where is the angle between the induced magnetization and the axis perpendicular to the plane of incidence ͑see Fig. 4͒ . This expression is only valid in our experimental geometry where both the incident and reflected light are p polarized, so that only the r pp reflection term contributes. Therefore the evolution of ⌬RϭR(␣)ϪR 0 versus ␣ represents a direct measurement of the changes in the direction of magnetization as the magnetic field rotates. Figure 6 shows the angular dependence of ⌬R for Fe continuous films as well as for the different patterns in the presence of a rotating magnetic field of 2 kOe. In the absence of any magnetic anisotropy the obtained curve would display a pure sinusoidal shape ͑there is no phase difference between applied magnetic field and induced magnetization͒. The effect of the magnetic anisotropy is to induce a phase difference between the field and the magnetization so that, in general, ␣. When the magnetic field is rotating from an easy axis towards a hard axis the induced magnetization lags behind the field. It leads ahead when rotating from a hard axis towards an easy one. The presence of magnetic anisotropies is then characterized by deviations from a sinusoidal reflectivity. For a single domain system the angle between applied magnetic field and induced magnetization ͑and therefore the shape of reflectivity versus angle curves͒ can be calculated minimizing the magnetic free energy. For the continuous Fe film case this can be expressed as 14 
Eϭ
where K c is a cubic anisotropy constant, H the applied field, M S the saturation magnetization, and ␤ is the angle between the easy axis and the x axis. In our experimental conditions ␤ϭ45°. The final shape of the reflectivity curve is determined by the ratio PϭK c /2HM S so that this is varied until the differences between experimental data and predicted curve are minimized. This method has been first applied to the Fe single crystalline film. The corresponding curve is shown in Fig. 6 where open circles are experimental data and the solid line is the best fit. The cubic anisotropy constant obtained from the Fe data is K c ϭ4.05ϫ10 5 erg cm
Ϫ3
, which agrees with the values derived from the anisotropy field conventional hysteresis loops with H applied along a hard magnetic axis. It is also similar to values reported for Fe films of comparable thickness. 15 To quantify the additional shape anisotropy induced by the square patterning process, the data obtained from the different square arrays are fitted by minimizing the magnetic energy of the system. In addition to the crystalline anisotropy, another term for the square shape induced anisotropy is introduced. As a first order approximation, justified by the polar plots of the reduced remanence shown in Fig. 2 , this additional anisotropy has been considered as cubic for L ϭ10 and 5 m arrays so that for these cases the magnetic energy can be now written as
where K sh c is the shape anisotropy constant. The subscript c denotes that for these square arrangements this additional anisotropy corresponds to a cubic one. In expression ͑3͒ ␤Ј is the angle between the easy axis associated with the shape anisotropy and the x axis. Minimizing this free energy provides the relation between the actual angle of induced magnetization and the applied magnetic field angle. The experimental MOT curves are then fitted by keeping fixed the anisotropy constant (K c ) obtained from the continuous Fe film MOT curves. Experimental data ͑open circles͒ and best fits ͑solid lines͒ are shown in Fig. 6 for all the array configurations. In this way the fit provides the value of the shape anisotropy constant due to the square patterning. It should be noted here that the orientation of shape anisotropy easy axes (␤Ј) is also varied during the fitting procedure. The values finally obtained are ␤Јϭ45°Ϯ8°for all the cases, indicating that Fe easy axes and square diagonals are aligned in accordance with the patterning design. The values obtained for the shape anisotropy constants are 7.31ϫ10 3 
. This suggests that magnetic interactions between adjacent Fe squares become more relevant at these small separations, in good agreement with previous studies based on the analysis of hysteresis loops obtained from similar Fe square arrays. 9 Moreover, the reduction in the effective shape anisotropy for small interelement separation has been also found in MOT studies on Fe͑001͒ stripe arrays. 4 For the Lϭ2.5 m arrays and in accordance with polar plots of reduced remanence, the magnetic energy of the system can be written as
where K u is the uniaxial anisotropy constant and ␤Ј now determines the orientation of this uniaxial anisotropy. From the analysis of MOT curves ͑see Fig. 6͒ we have found that the corresponding easy axis is around 16°with respect to the ͓Ϫ110͔ crystalline direction in accordance to data shown in Fig. 2 . In addition, the anisotropy constants obtained are 0.89ϫ10 5 and 0.95ϫ10 5 erg cm Ϫ3 for sϭ0.2 and 0.6 m, respectively. In this case the magnetic anisotropy constant is also reduced by magnetic interaction between adjacent squares.
The values obtained for the shape anisotropy constants as a function of array period are summarized in Table I . It is clearly observable that as the square size is reduced the shape magnetic anisotropy increases, as was expected. In addition, the anisotropy constant decreases with the square-square separation due to magnetic interactions. The uniaxial anisotropy induced by the nanopatterning process in the smallest studied sizes could have different origins that are considered next.
First, any elongation along one of the sides of the squares would produce an additional uniaxial shape anisotropy. In order to analyze this possible origin, a careful determination of the square dimensions has been done by AFM experiments. They have shown that the relative elongation is as low as 5% and 2% for the Lϭ2.5 m square arrays with sϭ0.6 and 0.2 m, respectively, this elongation being lower than 2% for the larger squares ͑Lϭ5 and 10 m͒. This deviation from the square shape is probably related to the intensity profile of the electron-beam which could differ from a perfect Gaussian distribution. The corresponding uniaxial shape anisotropy induced in the sample plane can be estimated as
where N y and N x are the demagnetizing factors along the two perpendicular in-plane directions. They can be evaluated considering the Fe ͑001͒ square elements as very flat ellipsoids, that is, their axes a, b, and c along the directions x, y, and z present the relation aуbӷc. In this case the difference of the demagnetizing factors can be written as
where K(e) and E(e) are the complete elliptic integrals of the first and second kinds, respectively, and eϭ͓1
. Considering the upper limit for the possible induced anisotropy, that is, bϭ0.95a ͑elongation of 5%͒, with a ϭ2 m and cϭ20 nm ͑Fe cube dimensions for the smallest squares͒, we obtain
This upper limit shows that, although this effect can give some contribution to the patterning induced uniaxial anisotropy, it is clearly smaller than the observed one ͑see Table I͒ , so that other factors must be present. Another effect that can contribute to the origin of the observed uniaxial anisotropy is the possible relaxation of the growth induced stresses when the film is patterned in small elements, producing a stress anisotropy. In general, this anisotropy is given by
where is the magnetostriction of the material and is the stress acting on the sample. Taking the experimentally observed value of the uniaxial anisotropy Kϭ9 ϫ10 4 erg cm Ϫ3 and ϭ2ϫ10 Ϫ5 for crystalline iron, 14 it implies internal stresses of the order of Ϸ3ϫ10 9 dyn cm . These values of g are usually relaxed along the film by the formation of dislocations. However, although they are reduced, they could still become comparable with the evaluated needed to induce the uniaxial anisotropy as g is originally one order of magnitude larger.
IV. CONCLUSIONS
We have performed a systematic investigation by magneto-optical experiments on the magnetic anisotropy characteristics of periodic arrays of Fe microsquares with different sizes and submicrometric separations. The periodic distribution of magnetic elements allows the investigation of MO response in both reflected and diffracted spots. Nonspecular measurements serve to determine when the magnetization within the microsquares reaches a homogeneous distribution. We have concluded that, if the applied field magnitude is of the order of 2 kOe, the field strength is high enough to guarantee a single domain state in a rotating field configuration.
The magnetic axes distribution has been studied by measurements of in-plane hysteresis loops at different magnetic field orientations. The magnetic anisotropy obtained depends strongly on the square size. When this is reduced below 2.5 m, the magnetic anisotropy presents an important uniaxial character. Although some possible shape anisotropy contribution is not negligible, this uniaxial anisotropy might be mainly originated during the patterning process by the relaxation of the internal stresses of the epitaxially grown film, inducing a stress anisotropy.
Finally, we have used the MOT technique to determine the effective magnetic anisotropy constants induced by square patterning. For large square sizes, a biaxial shape anisotropy associated with the lithographed array is observed, ranging from 3ϫ10 3 erg cm Ϫ3 to 8ϫ10 4 erg cm Ϫ3 . It decreases when the square size is reduced or the square-square separation is decreased due to the presence of magnetic interactions between neighbor elements. For the smallest squares this additional anisotropy is uniaxial, being of the order of 9ϫ10 4 
erg cm
Ϫ3
, which is 0.2 times the Fe crystalline constants.
